Background: Patients with UICC/AJCC stage II colon cancer have a high 5-year overall survival rate after surgery. Nevertheless, a significant subgroup of patients develops tumour recurrence. Currently, there are no clinically established biomarkers available to identify this patient group. We applied reverse-phase protein arrays (RPPA) for phosphatidylinositide-3-kinase pathway activation mapping to stratify patients according to their risk of tumour recurrence after surgery.
Colon cancer is one of the most common malignancies in the western world with more than one million new cases each year and a disease-specific mortality rate of about 33% (Ferlay et al, 2010) . Although death rates are decreasing in the most developed countries owing to screening programs and therapy, colon cancer still holds the third place in cancer death statistics for women and the second for men (Jemal et al, 2009; Siegel et al, 2013) . About 40% of colon carcinomas are diagnosed in TNM stage II (T3-4N0M0), according to the global UICC/AJCC standard (International Union Against Cancer /American Joint Committee on Cancer). This group of patients has a high 5-year overall survival rate of 80% and is mainly treated solely by surgery without further adjuvant treatment, whereas patients with UICC stage III or IV receive adjuvant chemotherapy (Catenacci et al, 2011) . Nevertheless, a subgroup of patients with stage II carcinomas (about 20%) develops tumour recurrence and has dismal prognosis. For those patients the currently used staging fails to predict the prognosis of the patients (Mutch, 2007) . Moreover, the latest edition of the TNM staging system has shown to be of limited clinical use .
Adjuvant treatment of stage II patients is currently recommended on the basis of clinical risk parameters, as described in ASCO15 or ESMO16 guidelines (e.g., poor differentiation, T4 stage, tumour perforation, inadequate lymphadenectomy) (Benson et al, 2004; Van Cutsem and Oliveira, 2009 ). Therefore, evidence-based biomarkers are eagerly awaited for risk stratification in colorectal cancer. Knowledge about the molecular biology and pathogenesis of colon cancer has increased over the last years and important developments were made towards the discovery of new prognostic and predictive markers. We have shown previously that integrative analysis of molecular genetic markers, or analysis of an expression signature (ColoPrint), can improve risk stratification for stage II colon cancer patients, outperforming clinical parameters Maak et al, 2013) .
The phosphatidylinositide-3-kinase (PI3K)/proteinkinase B (Akt) pathway ( Supplementary Figure 1) is known to have an important role in the development and progression of many solid cancers (Dozmorov et al, 2010; Song et al, 2011; Jiao and Nan, 2012; Vredeveld et al, 2012; Wang et al, 2012; Christgen et al, 2013) . As this pathway is important for proliferation and survival of cells, it might well be involved in a more aggressive behaviour and higher metastatic capacity of colon carcinomas. Thus, analysis of activation of this pathway might provide potential biomarkers associated with dismal prognosis. In addition, recent studies of PI3K/mammalian target of rapamycin (mTOR) inhibitors for cancer treatment show promising results in pancreatic cancer, melanomas and B-cell malignancies (Britten, 2013; Roschewski et al, 2013; Wolin, 2013) . These findings give rise to the hypothesis that this pathway, besides providing potential prognostic factors, could also reveal additional novel targets for colon cancer therapy. This is of special interest as the benefit of classical chemotherapy for stage II colon cancer patients has not been proven univocally so far.
The PI3K/Akt pathway is one of the major signalling cascades in colon cancers downstream of EGFR (Efferth, 2012) . Its activation can has been reported in 60%-70% of colorectal cancers and inhibitors of pathway components are suggested as therapeutic agents by a number of studies. A recent review by Pandurangan (2013) summarises the contemporary developments in this field. Whereas most currently discussed prognostic and predictive markers for stage II colon cancer are based on analysis of nucleic acids, for example, by expression analysis or mutation detection, protein activity-based assays offer the advantage of gaining deeper insights in the actual cellular activities within a cancer. To address protein expression, as well as activation by post-translational modification we utilised reverse-phase protein arrays (RPPA). This technology enables the analysis of numerous proteins in a multitude of samples under standardised experimental conditions (Paweletz et al, 2001; Grubb et al, 2003) . With this approach, samples can be analysed in serial dilutions, thus enabling reproducible quantitative detection of protein expression in clinical samples. The generation of technical replicates additionally contributes to assay reliability. RPPA is feasible for the analysis of cryopreserved clinical samples Liotta et al, 2003; Wulfkuhle et al, 2006) . Moreover, it can be applied for formalin-fixed and paraffin-embedded (FFPE) patient samples, a prerequisite for clinical routine application Guo et al, 2012) . Thus, RPPA is an adequate tool to identify the expression of potential biomarkers within patient samples.
The aim of this study was (1) to analyse the expression of major components of the PI3K/AKT pathway, notably PI3K, Akt, glycogen synthase kinase 3 (GSK3-beta), mTOR, S6 ribosomal protein (S6RP), 4E-BP1, and their respective phosphorylated forms to map activation of the PI3K/Akt pathway in stage II colon carcinomas, and (2) to correlate expression and activation of functional PI3K/Akt pathway components with clinical and molecular parameters, such as tumour size, anatomical location, microsatellite instability (MSI) status, mutational status (BRAF, KRAS) of the tumour and post-operative survival of the patients.
MATERIALS AND METHODS
Tissue samples. Tissue samples derived from 118 patients with stage II primary colon carcinomas, who underwent curative surgery (R0) at the Department of Surgery, Klinikum rechts der Isar, Munich from 1990 to 2010 (Figure 1 ), were analysed. For 71 patients adjacent normal tissue was also investigated for protein analysis. None of the patients in this study received adjuvant or neoadjuvant therapy. Formalin-fixed paraffin-embedded samples were used. All samples showed a tumour cellularity of 470%. Patient tumour characteristics are summarised in Table 1 . Disease recurrence was observed in 11 patients (9.3%) after a median follow-up of 8.3 years. For 16 patients no data on disease-free survival was available. Cause-specific death occurred in 10 cases (8.5%) after a median follow-up of 8.1 years. The study was approved by the ethics committee of the Klinikum rechts der Isar (study no. 1926/2007) . Informed written consent of the patients had been obtained before conducting the study.
DNA isolation. DNA was isolated from manually dissected tumour areas from 5 mm sections of FFPE tissues with a tumour cell content of at least 70%. The QIAamp DNAMini Kit (Qiagen, Hilden, Germany) was used according to the manufacturer's protocol. DNA concentration and quality was checked with an ND-1000 NanoDrop Spectrophotometer (Thermo Fisher, Schwerte, Germany).
Microsatellite instability determination. Microsatellite instability was tested with the MSI Analysis System, Version 1.2 (Promega, Mannheim, Germany) for 83 patients. This assay co-amplifies the five mononucleotide repeat markers BAT-25, BAT-26, NR-21, NR-24, and MONO-27 to determine the MSI status. Thirty-five cases were analysed with the Bethesda panel (BAT25, BAT26, D2S123, D5S346, D17S250) using the Type-it Microsatellite PCR kit (Qiagen). MSI was defined when at least two of the five markers tested showed instability. The results of these assays have been previously compared and proven highly sensitive for MSI determination (Murphy et al, 2006) .
Overall, the MSI status was determined for 117 patients. For one patient the assay result was not conclusive.
BRAF. For 83 patients mutational status of the oncogene BRAF (V600E, GTG4GAG substitution in exon 15) was assessed by high-resolution melting analysis of genomic DNA on a Lightcycler 480 II platform (Roche, Mannheim, Germany; SYBR Green I/HRM Dye Protocol), in a modification of published protocols (Pichler et al, 2009 ). Briefly, 20 ng of genomic DNA (10 ng ml -1 ) were amplified in total volume of 20 ml with 10 ml high-resolution master mix, 2.4 mM MgCl 2 , and 0.25 mM each of oligonucleotide primers, BRITISH JOURNAL OF CANCER PI3K/AKT and survival in colon cancer 2 ml template DNA and 5.2 ml dH 2 O. Primer sequences were BRAF Exon 15 For: 5 0 -GGTGATTTTGGTCTAGCTACAG-3 0 , BRAF Exon 15 Rev: 5 0 -AGTAACTCAGCAGCATCTCAGG-3 0 . After pre-incubation (95 1C, 10 min), amplification of a 147-bp product was carried out in 42 cycles (95 1C for 15 s/61 1C for 15 s/72 1C for 15 s), followed by melting point analysis with an initial phase: 95 1C, 5 s, and 72 1C, 90 s, followed by a melting profile ranging from 72 1C to 95 1C in 19.2 min. As a positive control, genomic DNA from the BRAF-mutated colon cancer cell line HT29 was used. Mutational status of 35 tumours was determined using highresolution melting curve analysis and direct sequencing of aberrant cases as described by (Bettstetter et al, 2013) . As a negative control, DNA isolated from a colon carcinoma, which had been demonstrated to be wild type by direct sequencing, was used.
KRAS. For 83 patients, the mutational status of the genes KRAS (codon 12 and 13 in exon 2) was analysed by high-resolution melting analysis of genomic DNA on a LightCycler 480 II platform (Roche; SYBR Green I/HRM Dye Protocol) as described previously in detail . Analysis of genomic DNA from colon cancer cell lines with and without KRAS and BRAF mutations was performed in each run as control.
KRAS mutation analysis of exon 2 was performed for 35 cases by direct sequencing of PCR products using cycle sequencing with fluorescent-labelled dye terminators and separation with an automated sequencing system (Genetic Analyzer 2100, Applied Biosystems, Darmstadt, Germany) as previously described .
For both methods a high sensitivity and a high concordance for the detection of somatic mutations in tumours has been reported (Gonzalez-Bosquet et al, 2011).
Protein extraction. Protein extraction was performed as previously described . Briefly, 10 mm FFPE tissue sections were deparaffinised and proteins were extracted using EXB Plus (Qiagen). Tissue areas of B0.25 cm 2 from three 10-mmthick sections were processed in 100 ml of extraction buffer. The Bradford protein assay (Bio-Rad, Hercules, FL, USA) was used according to the manufacturer's instructions to determine protein concentrations. A western blot probing for beta-actin was performed from randomly selected lysates (n ¼ 12) to demonstrate successful protein extraction and suitability for RPPA analysis. All protein lysates tested produced a clear beta-actin band on the western blot.
Analysis of protein expression by reverse-phase protein arrays (RPPA). Expression of 36 proteins including 15 phosphorylated proteins was determined by RPPA. Antibodies and experimental conditions are summarised in Supplementary Table 1 . RPPAs were generated using the SpotBot Extreme microarrayer according to the manufacturer's instructions (Arrayit, Sunnyvale, CA, USA). For every lysate and every dilution (undiluted, 1 : 2, 1 : 4, 1 : 8, 1 : 16 buffer), two replicates were applied onto a nitrocellulose-coated glass slide (Grace Bio-Labs, Bend, OR, USA), which produced 12 data points per sample.
Immunodetection was performed similar to western blot analysis and as previously described . For estimation of total protein amounts, arrays were stained in parallel with Sypro Ruby Protein Blot Stain (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions. All specific signals were normalised to the total protein level detected by Sypro Rubystaining. Further details of the RPPA methodology and its validation have been previously described by . All antibodies used in this study were validated for specificity by western blot analysis. The reproducibility of the method was assessed previously. There was a high reproducibility of protein expression from independent extraction procedures (n ¼ 10 samples, 3 replicates per sample) with a coefficient of variation p14% for the four exemplary proteins HER2, pHER2, uPA and PAI-1. All pair-wise correlations showed a Spearman's rX0.98 (Malinowsky et al, 2012) . All antibodies and conditions of use are specified in Supplementary Table 1 .
Statistical analysis. IBM SPSS 20.0 Statistics statistical software (SPSS Inc., Chicago, IL, USA) and R Software version 2.11.1 (R Foundation for Statistical Computing, Vienna, Austria) were used for statistical analysis. Associations between protein expression and pathological features were given in crosstabs and were evaluated using the w 2 -test and the Mann-Whitney U-test.
In order to derive optimal cutoff values of the analysed phosphorylated and non-phosphorylated proteins for recurrence risk stratification, maximally selected log-rank statistics were used. To consider multiple test issue within these analyses, the R-function 'maxstat.test' was employed (Hothorn and Zeileis, 2008) . Survival analysis was performed using Kaplan-Meier estimates, log-rank tests and Cox's proportional hazards regression analysis. All tests were two-sided, and the significance level was set at 5%.
Positive predictive values (PPV) for the factors analysed were calculated as number of patient samples correctly classified as progressive tumours divided by all patient samples classified as progressive (correctly or incorrectly).
The study was performed following the REMARK criteria (McShane et al, 2005). As the study was completely retrospective no data on treatments or patient flow is included. (12) Correlations between the clinicopathological factors were analysed and no confounding factors were identified. PI3K/AKT and survival in colon cancer BRITISH JOURNAL OF CANCER
RESULTS
We determined levels of total cellular proteins and phosphorylated forms of Akt, GSK3-beta, mTOR, PI3K, S6RP, 4E-BP1 and in a cohort of 118 stage II colon cancer patients using RPPA, for 71 patients adjacent normal tissue was also analysed for protein expression. Relative expression units were calculated for each protein using MicroVigene software (VigeneTech, Carlisle, MA, USA). Supplementary Figure 2 depicts an exemplary stained slide and the dilution curves for two exemplary tumour samples, one expressing the protein at low levels and the other with high expression of the protein.
Analysis of protein expression and phosphorylation in tumours and adjacent normal tissues. The phosphorylated forms of all markers correlated significantly with each other indicating a possible coregulation of the pathway. Only the correlation between phospho-PI3K and phospho-S6RP was weak with a correlation coefficient of 0.298. Correlation coefficients are summarised in Supplementary Table 2 . Mean expression levels built over all samples did not differ much between tumours and normal tissue in the 71 cases comprising both sample types. In single patients, however, significant changes between normal and tumour samples were found. Expression differences between tumours and adjacent normal tissue larger than 1.5-fold were considered significant. Interestingly, high inter-patient variability was found for expression levels in tumours as well as in normal samples indicating high biological diversity. Changes between normal tissues and tumours are also patient specific. Although some patients show similar expression levels in tumours and adjacent normal tissue, expression levels vary largely in others. Results of the comparison between tumours and normal tissue are summarised in Supplementary Table 3 .
Cutoff derivation of functional PI3K/Akt pathway components for distant recurrence. The best discriminating cutoff values were determined at 204 relative expression units (REU) for Akt, 104 REU for phospho-Akt, 151 REU for GSK3-beta, 157 REU for mTOR, 114 REU for phospho-mTOR, 114 REU for PI3K, 152 REU for phospho-PI3K, 329 REU for S6RP, 107 REU for pS6RP, 291 REU for 4E-BP1 and 121 REU for phospho-4E-BP1. Patients were classified into high-and low-expression groups for each factor according to the respective cutoff value. All cutoff values and the respective patient deviations are depicted in Table 2 . Sixty-three per cent of all patients were classified Akt positive and 35% phospho-Akt positive. Eighty-three per cent fell in the highexpression group for GSK3-beta. For mTOR and phospho-mTOR 32% and 76% of all patients were classified as positive, respectively. Eighty-one per cent and 53% of tumours expressed high levels of PI3K and phospho-PI3K. S6RP and phospho-S6RP levels were elevated in 62% and 39% of all patients and expression of 4E-BP1 and phospho-4E-BP1 were above the cutoff values in 18% and 27% of all patients analysed.
Correlation of functional factors of the PI3K/Akt-signalling pathway with disease-free and cause-specific survival. Patients with low phospho-Akt, S6RP or phospho-4E-BP1 had significantly longer disease-free survival times than patients with high expression of one of these factors (P ¼ 0.032, 0.046 and 0.011, respectively) ( Figure 2) . For cause-specific survival, only phospho-4E-BP1 expression showed a significant negative correlation with survival times (P ¼ 0.045). None of the other proteins (AKT, GSK3-beta, mTOR, PI3K, 4E-BP1) or phospho-proteins (phospho-mTOR, phospho-PI3K, pS6PR) reached statistical significance in this setting (Figure 3) .
The independence of prognostic ability of phospho-Akt, S6RP and phospho-4E-BP1 recurrence risk stratification was further evaluated by pair-wise analysis of the proteins against each other and the highly relevant clinicopathologic factor histopathological grading (Van Cutsem and Oliveira, 2009 ). Here, we found phospho-4E-BP1 and histopathological grading to be independent predictors of disease-free survival. Phospho-Akt was independent of histological grade, and S6RP showed a trend towards independency of the histological grade. Results of the pair-wise analysis are summarised in Table 3. In addition, potential influence of KRAS and BRAF mutational status was addressed, as mutational activation of these oncogenes occurs frequently in colon cancer, and is known to exert crosstalk with the PI3K/AKT-signalling cascade. KRAS mutational status was available for 104 and BRAF status for 115 patients. Thirty-eight (37%) patients were mutated for KRAS, 66 (63%) patients were KRAS wild type. For BRAF, 12 (10%) were mutated and 103 (90%) patients showed the wild type. Kaplan-Meier analysis showed no significant correlation of KRAS mutation (P ¼ 0.064) or BRAF mutation (P ¼ 0.355) with disease-free survival ( Supplementary Figure 3a) . KRAS and BRAF mutational status did not correlate significantly with cause-specific survival ( Supplementary Figure 3b) . As MSI was shown to be associated with beneficial prognosis in colon cancer (Merok et al, 2012) , we analysed all patients of the collective also for MSI. Twenty-six patients (22%) were microsatellite instable and 91 patients (78%) were microsatellite stable. In our cohort MSI was not significantly correlated with disease-free or cause-specific survival, most likely owing to the relatively small sample size. Thus, MSI was excluded from further analysis. Neither the analysis of functional components of the PI3K/Akt-signalling pathway by Mann-Whitney U-testing nor a w 2 -test of optimal cutoff values revealed any correlation with mutational status or microsatellite instability.
Although phospho-AKT, S6RP and phospho-4E-BP1 correlated significantly with disease-free survival, PPV of the factors are low (PPV ¼ 0.212, 0.167 and 0.250, respectively). Thus, we analysed combinations of these factors with histopathological grading for improvement of the predictive values. For all factors in combination with grading, three distinct patient groups could be identified:
(1) very good disease-free survival, negative for the respective protein and grade 1 or 2, (2) intermediate survival, either positive for the respective protein and grade 1 or 2 or negative for the protein and grade 3, and (3) with poor disease-free survival positive for the protein and grade 3 (Figure 4 ; Supplementary  Table 4 ). Correlation of functional factors of the PI3K/Akt-signalling pathway with clinical parameters. The comparison of functional components of the PI3K/Akt-signalling pathway with the clinical parameters tumour size, localisation and histological grading by Mann-Whitney U-testing did not reveal any statistically significant correlations. Also w 2 -test of optimal cutoff values revealed no correlations with tumour size, localisation and histological grading. Results of the analysis are summarised in Table 4 ; Supplementary Table 5 .
DISCUSSION
This study demonstrates the impact of functional components of the PI3K/Akt pathway as prognostic markers on stage II colon cancers in a retrospective single-center study. The patient cohort used here showed high similarity with cohorts used in earlier biomarker studies regarding its clinicopathological parameters indicating that patient recruitment was not biased. Our findings are essentially in line with previous studies reporting the PI3K/Aktsignalling pathway to have important roles in the development of numerous solid cancers (Dozmorov et al, 2010; Song et al, 2011; Jiao and Nan, 2012; Vredeveld et al, 2012; Wang et al, 2012; Christgen et al, 2013) . Activation of the PI3K/Akt pathway was recently associated with increased cell growth, migration and invasion in colon cancer cell lines, processes underlying enhanced metastasis (Wang et al, 2013) . Although a number of clinical staging systems is available to identify patients with high risk of recurrence (Astler and Coller, 1954; Gunderson et al, 2004; O'Connell et al, 2004; Kozak and Moody, 2008) Figure 2 . Correlation of phospho-Akt, S6RP and phospho-4E-BP1 with disease-free survival. For phospho-Akt, 33 patients showed expression levels above the optimal cutoff of 104 and 69 patients had expression levels below this value. Survival rates were significantly distinct for both groups with P ¼ 0.032. For S6RP, 60 patients showed high expression levels 4329 and 42 patients had low expression levels. Survival differed significantly in both groups (P ¼ 0.044). Twenty-four patients showed expression of phospho-4E-BP1 above the optimal cutoff value of 121 and 78 patients yielded lower protein levels. Correlation of phospho-4E-BP1 expression with disease-free survival was highly significant (P ¼ 0.012). For 16 patients no information on disease-free survival was available. Figure 3 . Correlation of phospho-Akt, S6RP and phospho-4E-BP1 with cause-specific survival. For phospho-Akt, 77 patients showed expression levels above the optimal cutoff of 104 and 41 patients had expression of the factor below this value. For S6RP, 73 patients showed high expression levels 4329 and 45 patients had low expression levels. Neither of the two factors correlated significantly with cause-specific survival (P ¼ 0.230 and 0.076, respectively). Thirty-two patients showed expression of phospho-4E-BP1 above the optimal cutoff value of 121 and 86 patients yielded lower protein levels. Correlation of phospho-4E-BP1 expression with cause-related survival was significant (P ¼ 0.047).
Van Cutsem and Oliveira, 2009). Thus, a number of approaches were recently proposed to identify biomarkers for risk stratification of these patients. Numerous genomic markers like KRAS and TP53 mutations, activation of the canonical WNT-pathway, loss of heterozygosity of chromosome 18 and genomic instability (Fearon and Vogelstein, 1990; Locker et al, 2006; Tejpar et al, 2010) were described as typical features of colorectal cancer. However, none of the suggested markers have clearly proven its prognostic value in stage II colon cancer. Interestingly, in our study neither KRAS mutation nor BRAF mutation correlate with survival. In addition to the analysis of single genetic markers, also '-omics' approaches were undertaken to identify expression signatures correlated with patient outcome (Arango et al, 2005; Barrier et al, 2007; Lin et al, 2007; Webber et al, 2010; Salazar et al, 2011) . However, interpatient and even intratumoural heterogeneity, as well as cost factors and a lack of validation have precluded wide-scale clinical application (Shibayama et al, 2011) . Moreover, approaches of integrated molecular profiling, taking into account a limited number of genetic alterations have been proven useful for identification of high-risk patients with stage II colon cancer Maak et al, 2013) . As focusing on so-called 'cancer hallmarks' present in virtually all cancer cells is a promising approach to circumvent heterogeneity, we analysed the enzymatic activities and protein expression of cyclin-dependent kinases (CDKs), the main drivers of cell-cycle progression (Zeestraten et al, 2012) in a previous study. Although the findings of this study were very promising and specific enzyme activity of CDK1 could be proven to be a robust marker for recurrence in stage II patients and for cause-specific survival of the patients, the assay format and the exclusive use of cryopreserved tissue may be Figure 4 . Correlation of combined protein expression and histological grading with disease-free survival. Group 1: both factors low; group 2: one factor high; Group 3: both factors high. Phospho-Akt expression was defined as low with RIUp104 and as high with RIU 4104. S6RP expression was defined as low with RIUp329 and as high with RIU 4329. Phospho-4E-BP1 was defined as low with RIU p121 and as high with RIU 4121.
Histograding was defined as low for G1 and G2 and as high for G3. In the combined analysis of phospho-Akt and histograding, 50 patients belonged to group a, 43 to group b and 9 to group c. In the combined analysis of S6RP and histograding, 32 patients belonged to group a, 53 to group b and 17 to group c. In the combined analysis of phospho-4E-BP1 and histograding, 59 belonged to group 1, 35 to group 2 and 8 to group 3. For 16 patients no data on disease-free survival was available. All factor combinations correlated significantly with disease-free survival (Pp0.008).
difficult to integrate in the routine clinical settings. As posttranslational phosphorylation of proteins is a good surrogate for their activation status, we choose an approach measuring the expression and phosphorylation of proteins belonging to the cancer relevant PI3K/Akt-signalling pathway. With a protocol adapted and validated in our laboratory, it is possible to quantify protein yields in formalin-fixed paraffin-embedded tissues, thus using standard material provided in clinical settings (Malinowsky et al, 2010) .
Here, we analysed expression of molecules belonging to the PI3K/Akt-signalling pathway in 118 stage II colon cancers and 71 adjacent normal tissue samples. Although differences between the mean expression of the proteins between tumour and normal samples were not as pronounced as one might expect, we found significant changes of expression between tumour and normal tissues in individual samples ( Supplementary Table 2 ). These data indicate that changes at the single-patient level might be more relevant to outcome than changes of mean expression levels in a group of individuals. In addition, we found high variance of protein expression when comparing individual tumours indicating different regulation of the PI3K/Akt pathway that might coincide with different tumour biology and thus different outcome. Indeed, we could identify phospho-Akt, S6RP and phospho-4E-BP1 as markers of disease recurrence in patients with stage II colon cancers. Robust cutoff values for these factors could be obtained utilising maximum log-rank statistics for threshold definition (Hothorn and Zeileis, 2008) . Nervetheless, as only 11 patients show recurrence of the disease in this study the statistical power of the tests preformed is of course limited and the found cutoff values must be validated in further independent studies.
Neither the currently accepted clinical risk factors tumour size, histological grading and tumour localisation nor the mutational status of BRAF and KRAS could be identified as confounding factors by pair-wise analysis. Interestingly, the prognostic usefulness of KRAS mutations in colon cancer is discussed controversially, whereas BRAF mutations have been associated with bad prognosis in sporadic colon cancer (Deschoolmeester et al, 2010) . Thus, we conclude that phospho-Akt, S6RP and phospho-4E-BP1 are potential biomarkers for the risk stratification of patients with stage II colon cancer.
Although phospho-Akt, S6RP and phospho-4E-BP1 were significantly associated with patient survival the PPV of the markers was relatively low. That would result in overtreatment of a large group of patients stratified to the high-risk group. We thought of potential strategies to overcome this problem. One possibility to enhance the PPV is the combination of markers. We analysed combinations of the proteins with histological grading, which came up as an additional independent predictor of disease-free survival in the pair-wise analysis. The results provide evidence that by using the classical histological grading system in combination with protein biomarkers, patients with stage II colon cancer can be subdivided into three groups with different risks of cancer recurrence. Although the PPV remain relatively low even after combination of factors ( Supplementary Table 4 ), at least the patients with the highest risks of recurrence could clearly benefit from additional therapy. Whether classical chemotherapy or combination with targeted therapies against components of the activated PI3K pathway would be the best option here has to be addressed by further trials. At the moment different targeted therapies against Akt, PI3K and mTOR are under investigation in clinical trials (Britten, 2013; Roschewski et al, 2013; Wolin, 2013) . Such therapeutics might enhance patient survival in the subgroup of stage II colon cancer patients that show enhanced activation of this specific pathway in our study. With help of the method introduced here it may be possible to stratify patients with activated PI3K/Akt-signalling pathway for targeted therapy. Table 4 . Significance values for correlation of Akt, phospho-Akt, GSK3beta, mTOR, phospho-mTOR, PI3K, phospho-PI3K, S6RP, phospho-S6RP, 4E-BP1 and phospho-4E-BP1 with tumour size, location and grading 
